We report measurements of AC susceptibility and hence the in-plane London penetration depth on the same samples of Bi2.15Sr1.85CaCu2O 8+δ and Bi2.1Sr1.9Ca0.85Y0.15Cu2O 8+δ for many values of the hole concentration (p). These support the scenario in which the pseudogap weakens the superconducting response only for p < ∼ 0.19.
I. INTRODUCTION
It is generally accepted that there is a pseudogap (PG) in the low energy excitation spectrum of hole-doped cuprate superconductors, with a definite energy scale (E G ≡ k B T * ) that falls as the hole concentration p is increased. However the details are controversial and a recent review 1 gives equal weight to three possible scenarios: (A) T * (p) falls to zero on the over-doped side together with the superconducting transition temperature T c (p), (B) T * (p) falls sharply to zero for slightly over-doped samples with p ≃ 0.19 or (C) T * (p) is similar to case (B) but there is no PG in the superconducting state. The p-dependences of the heat capacity 4 , and the in-and out-of-plane penetration depths, λ ab and λ c , of two grain-aligned single layer cuprates 5, 6 suggest that at low T the condensation energy 4 and the superfluid density 5, 6 fall abruptly below p ≃ 0.19. This seems to support scenarios of type B, but the issue is still being debated 1,2,3 . Here we report AC susceptibility (ACS) data 7 showing how the in-plane superconducting penetration depth λ ab of Bi 2.15 Sr 1.85 CaCu 2 O 8+δ (Bi:2212) and Bi 2.1 Sr 1.9 Ca 0.85 Y 0.15 Cu 2 O 8+δ (Bi(Y):2212) changes between p = 0.08 and 0.21. These are relatively straightforward measurements, on the same unaligned sample as a function of δ, that can easily be checked by other research groups. We believe that they also support scenarios of type B above. They also give a linear T -dependence of 1/λ ab (T ) 2 , over a wide range of T , possibly becoming "super-linear" for pure Bi:2212 below 20 K.
Combining our large values of λ ab (0) at low p with recent scanning tunnelling spectroscopy (STS) work 8 , suggesting relatively large Fermi arcs for T c = 20 and 45 K, may also give important insights into cuprate superconductivity.
II. EXPERIMENTAL DETAILS
X-ray powder diffraction (XRD) patterns for the two samples in Fig. 1a . show that the Bi:2212 sample was phase pure to within the noise level of 2−3%. Two peaks that are not indexed arise from the incommensurate Table 1 and Figs. 2b and 3b are for the second set. After the final (13th) quench, grain sizes were determined by measuring the dimensions of ∼ 500 grains in a scanning electron microscope (SEM) photograph. Approximately 1/3 of the grains were not circular and for these the geometric mean of the two radii was used. For Bi(Y):2212 the grain radius (r) at 50% cumulative volume (CV) was 1.5 µm, with r = 0.53 and 2.20 µm at 10 and 90% CV respectively. For pure Bi:2212 the powders were sedimented in acetone to remove large particles, giving r = 0.65, 0.31 and 1.01 µm for the 50, 10 and 90% CV points respectively. ACS measurements were made using standard techniques 14 . In the limit where λ c is much larger than both λ ab and the grain size, we can obtain λ ab since only the component of H along the crystalline c -axis will give rise to detectable diamagnetism. In this case the AC signal from randomly oriented grains is 1/3 of that for aligned grains with H c, because the average of cos 2 θ over a sphere is 1/3. Therefore we simply multiply the observed AC signal by 3 and apply our usual analysis for aligned grains 6, 15 with H c. The ACS data in Figs. 2a and 2b are in emu/cm 3 . Multiplying by 8π/3 gives m/m max where the magnetic moment m is reduced from m max for a perfectly diamagnetic sphere because of the finite value of λ ab . Allowing for a finite value of λ c has negligible effect 16 . The ACS signals in Fig. 2 were extrapolated linearly to zero to find T c giving T max c = 87.2 ± 0.3 K for Bi:2212 and 89.3 ± 0.3 K for Bi(Y):2212, and p values were then found using Eq. 1. We note that the lower values of p in Table 1 were obtained by vacuum annealing which gives less control than using flowing gases. We believe that these samples are nevertheless uniformly doped for following reasons. (i) the samples were periodically reoxygenated, e.g. between quenches Q9 and Q13 and Q12 and Q15 in Table 1 , and the results showed that the vacuum anneals did not cause any irreversible changes. (ii) At 600
• C oxygen diffusion in Bi:2212 17 is so fast that the oxygen content in a 10 µm diameter grain will attain uniformity in 1 second. (iii) The hole concentrations in Table 1 
The raw ACS data in Fig. 2 T is linear from low T up to T c for p = 0.12 to 0.183 while for pure Bi:2212 there is evidence for "super-linear" behavior. Most of the data are slightly more linear than expected for a weak coupling BCS d-wave state, as shown in the insets to Fig. 3 23 . Relatively few over-doped materials have been studied so the "super-linear" behavior could be a general property of clean over-doped cuprates. Note that λ ab (T ) has only been reported for optimallydoped Bi:2212 crystals 24, 25 and in Fig. 3a the "superlinear" behavior is less marked in this case, i. e. for p = 0.16. However SEM pictures 7 of the sintered samples studied here showed that the crystallites of pure Bi:2212 were especially thin and plate-like, ∼ 0.3 µm thick, while those of Bi(Y):2212 were much thicker. It possible that this is could be partly responsible for the "super-linear" behavior, as indicated in the inset to Fig. 3a , where results for an analysis based on ellipsoids with 3:3:1 aspect ratios are shown. So although the "super-linear" dependence is potentially an important result it needs to be confirmed by other measurements.
Generally speaking 1/λ 2 is related to the low energy quasi-particle weight. If this were preferentially distributed near the nodes of the d-wave superconductor in k-space then 1/λ 2 would indeed rise at low temperature as observed. Alternatively we note that the two chain cuprate, YBa 2 Cu 4 O 8 shows a similar "super-linear" behavior which was ascribed to superconductivity induced in the chains by the proximity effect at low T 26 . This raises the intriguing possibility that the pairing inter- 28 from a mean-field, Ginzburg-Landau (GL) analysis of the field-dependent heat capacity, except at low p where we find smaller values of n s (0). This is probably because of the large error bars in n s (0) obtained from the heat capacity at low p where the superconducting contribution is small 29 . In Fig. 4a , the deviation of the two Bi(Y):2212 points at p = 0.121 and 0.129 from the general trend of 1/λ 2 ab (0) with p might be connected with a 1/8th plateau effect 30 in T c . However simple modification of the T c (p) line near p = 0.125 will not account for these two anomalous points.
Finally we briefly compare our results for n s (0) with recent STS data.
8 n s (0) is a Fermi surface property and if the density of states N (E) in the normal state is strongly energy (E) dependent it is expected 28 to be given by:
where v x is the projection of the Fermi velocity along the supercurrent direction and the average is taken over an energy range of the order of the superconducting gap. In a BCS-like d-wave situation this energy range will be E F ± 3∆(k) where the product of the BCS parameters u k and v k is finite. The STS work suggests that for heavily underdoped Bi:2212 samples with T c values of 20 and 45 K there are Fermi arcs (strictly speaking in the superconducting state these are Bogoliubov arcs) whose length in k-space is still ∼ 1/3 of that of the large holelike Fermi surface seen in overdoped samples where there is no pseudogap. As the Mott insulating state is approached both techniques show a loss in density of states or spectral weight near E F . But our results suggest that n s (0) is reduced by a factor of 25 when T c = 40 K while at first sight the STS work only gives a factor of 3 reduction. Our data can be reconciled with STS if this loss of states also occurs in the region of the arcs, but over an energy range smaller than E F ± 2 − 3∆(k), so that the Bogoliubov quasi-particle peaks are still visible in STS. This is qualitatively consistent with the model in Ref. 28 in which the PG is usually smaller than the superconducting gap. However we note that a microscopic theory of this effect also needs to consider what happens when a supercurrent is produced by uniformly displacing the Fermi surface in k-space. Assuming that the PG is not displaced, then this continuity requirement seems to imply that only regions with a finite density of states at, and close to, E F will contribute to the supercurrent.
IV. SUMMARY AND CONCLUSIONS
We report direct evidence that at low T the superfluid density of Bi:2212 falls rapidly for p < ∼ 0.19, which supports scenario B for the pseudogap in this widelystudied 1 compound. For both samples 1/λ 2 ab (0) is extremely small in the heavily under-doped region, down by a factor ≈ 25 while T c remains relatively high (T c ≃ 40 K). In conjunction with recent STS work 8 this could be a useful constraint for theoretical models. For many values of p there is evidence for a linear T -dependence of the superfluid density over an unusually wide range of T and preliminary evidence for "super-linear" behavior below 20 K in over-doped samples of pure Bi:2212.
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